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population. While local and regional environmental conditions may be the primary factor influencing these, there are other factors, both intrinsic to the female and related to the life history of her offspring that have the potential to also influence a female's reproductive success. These include factors such as the age of the mother, the sex of her offspring and the sex and survivorship of a female's previous reproductive attempt. This paper seeks to test the use of a model that incorporates empirical relationships between such variables, to determine the expected lifetime reproductive success (LRS) for a population of female M. rufus, and to compare this to the observed LRS for a sample of free-ranging individuals. The model is used further to explore environmental effects on the LRS of female M. rufus.
The significance of this study lies in its contribution to the understanding of M. rufus population composition and dynamics. Currently, M. rufus is subject to an annual commercial harvest of between 13 -22% of the population (2002 quotas from Environment Australia). The harvest was initiated as a measure to mitigate damage to rangeland pasture and farming infrastructure (e.g., Alexander 1997). The provision of artificial watering points for domestic livestock is believed to have caused a substantial increase in the density of kangaroos throughout the rangelands (Calaby and Grigg 1989) to the detriment of both the livestock, through competition for food, and the land (e.g., Alchin 1995). They are considered a pest by some, yet valued as an economic resource, for their meat and skins, and an animal of intrinsic worth by other groups of the community (Grigg 1997; Croft 2000) . Thus, management objectives must satisfy a range of conflicting goals. By exploring the role of female LRS in the dynamics of an unharvested population of M. rufus in the sheep rangelands of western New South Wales (NSW), this paper aims to enhance our understanding of the dynamics of M. rufus populations that may lead to better informed management decisions.
METHODS

Study site
This study was carried out from March 1998 to March 2001 at the University of New South Wales' Arid Zone Research Station, 'Fowlers Gap' (31º 05' S, 141º 43' E) in north-western NSW. The station covers an area of 39,200 ha of semi-arid to arid low (<1 m) shrubland dominated by members of the family Chenopodiaceae. The climate at 'Fowlers Gap' is described by Bell (1973) as dry with hot summers and mild winters. Both daily and seasonal temperature ranges may be large (Bell 1973) . The average annual rainfall on 'Fowlers Gap' in the last 34 y is 237 mm and this is typically distributed sporadically throughout the year without a summer/winter bias (Bell 1973) . Rainfall preceding and throughout the course of this study was near or above average : 1997 = 246, 1998 = 228, 1999 = 204, and 2000 = 296 mm (Fig. 1) . 1968 *a 1969 1970*b 1971 1972 1973 1974*g 1975*a 1976*g 1977*b 1978 1979 1980 1981*a 1982*b 1983 1984 1985 1986*a 1987*g 1988 1989 1990 1991*b 1992 1993*g 1994*a 1995 1996 1997 1998*a 1999 2000 Year Monthly rainfall (mm)
'Fowlers Gap' lies within an area of the NSW sheep rangelands that supports the highest M. rufus densities in Australia (Caughley 1987) . This study focused on a population of female M. rufus living primarily within two paddocks, Mating (395 ha) and Lambing (586 ha), on the open, grassy, alluvial floodplains on the eastern side of the station; the preferred habitat for M. rufus (see Moss and Croft 1999 for further description). The density of M. rufus across this site ranged from 0.97 -36.7 animals km -2 with an average of 18.5 animals km -2 over the threeyear period. In contrast, the average density of all other kangaroo species, including the sympatric euro (Macropus robustus erubescens), western grey kangaroo (Macropus fuliginosus) and eastern grey kangaroo (Macropus giganteus) combined was 3.2 animals km -2 (range 2.6 -7.7). The practice of culling kangaroos for the purpose of damage mitigation and supply to the commercial harvest was discontinued on 'Fowlers Gap' in 1966.
Study animals
A tranquiliser gun (Monatech Black Wolf) loaded with a dart containing 50 mg of Zoletil-100 in 0.5 ml sterile water was used to capture the 33 free-ranging, mature, female M. rufus. The animals were darted in the buttocks while drinking at a water trough which was centred on the study site. Once sedated, the animals were placed in a wool pack with their head and eyes covered, their dart wound treated with an anti-bacterial spray containing an insect repellent (Cetrigen), and a series of measurements were taken. These included: weight, fore-arm length, leg (tibia) and foot (pes). The ratio forearm length:leg length was used to determine the age of the females using a relationship previously established for a population of M. rufus on 'Fowlers Gap' (Moss and Croft 1999) . The age of the females ranged from 2.6 -19.3 y. The pouch was checked for condition, notably clean or dirty (a clean pouch indicating recent or imminent occupation of the pouch by a young), the presence/absence of a PY and/or an elongated teat. An elongated teat indicated that a female was lactating or suckling a young-at-foot (YAF). The sex of the PY was recorded as was the foot length (without claw) which was used to determine its age.
All females were uniquely tagged with Allflex ear tags and fitted with a radio-collar (Telonics MMK7 transmitter). Reproductive status of the females was monitored weekly using radio-telemetry (Telonics TR2E receiver) to locate and observe the animals. The frequency of observations was increased over the oestrous period to increase the chance of witnessing mating in order to more accurately determine dates of conception and birth. Data on over 400 captures of female M. rufus on 'Fowlers Gap' from 1976 to 2000 was used to determine the average age of onset of sexual maturity (see next section for details) and examine PY sex ratios. Birth (PY 0 -100 days old) sex ratios were significantly male biased (n = 215, X 2 = 6.78, df = 1, P < 0.01). A bias towards males was also evident at the end of pouch life (185-235 days old) but not significantly so (n = 59, X 2 = 0.15, df = 1, P = 0.5).
Estimation of lifetime reproductive success (LRS)
LRS classically encompasses the reproductive success of an individual and its offspring (CluttonBrock 1988) . However, the fate or success of the offspring in this study could not be reliably determined once independent of the radio-collared mother. As a result, LRS was estimated from the number of young successfully weaned during a female's lifetime. LRS was calculated using the average weaning rate (measured as the number of young weaned per year), the maximum potential weaning rate (calculated using information about the reproductive cycle of female M. rufus from Sharman and Pilton (1964) , and the reproductive status of the female at capture) and the reproductive life span of the individuals. Real and potential weaning rates for each female were measured as the number of young actually and potentially weaned over the period the animal was tracked, respectively. Tracking period was measured from the date of birth of the first observed reproductive attempt, to the last time the mother was tracked or seen alive, and was greater than 12 months for all females. The reproductive life span of a female M. rufus is the period from the onset of sexual maturity until death. Because all females in our sample were sexually mature when caught and two-thirds of them lived beyond the completion of this research, the ages of the onset of maturity and death were unknown.
Mean (+ SD) age of death (10.77 + 5.1 y) was determined from 12 of the 33 individuals that died during the course of the study. Age of onset of sexual maturity was determined from the 'Fowlers Gap' capture database. The youngest 5% of females with PY were chosen and their age at first reproduction calculated back from the age of their PY. Assuming that these females were primiparous, the mean (+ SD) age at sexual maturity was 2.20 + 0.48 y (n = 22). All females in our sample continued to breed up until death and so the average age at first reproduction was subtracted from the average age of death to give the average number of years in which a female was breeding; namely, 8.57 y. Thus, it was assumed that all females had the same reproductive life span of 8.57 y. This was then multiplied by the weaning rate to give the expected LRS of each female. This calculation of LRS assumed that environmental conditions similar to those experienced during the course of this study prevailed throughout the lifetime of the females, that all females had the same reproductive life-span, and that reproductive success did not vary with maternal age. To avoid these assumptions, a model was developed to predict the LRS for a population of female M. rufus using empirical relationships between several of these variables and a mother's reproductive success. The model was based on one used by Ashworth (1995) to predict the LRS for a population of female M. r. erubescens on 'Fowlers Gap'.
Female FLRS model
The FLRS model uses empirical relationships between a mother's reproductive success and maternal age, environmental conditions and the sex and survivorship of a previous reproductive attempt to generate predictions about female LRS. The basic framework for the outcome of a reproductive attempt as simulated by the FLRS model is shown in Fig. 2 . At each stage of the cycle, the environment, maternal age, and sex and survivorship of young from a previous reproductive attempt affect the probability of each outcome. The probability of the outcome is then compared to the probability of the event occurring randomly; and so the fate of the mother and the young at that stage of the cycle is determined.
Relationships governing the probability of each outcome are given in Tables 1 and 2. All but four of these were established for the population of females in this study. Information regarding the relationship between female mortality and environmental condition was determined for the population of female M. rufus on the same study site for the three years preceding this study (Witte 2001) . Relationships between maternal age and sexual maturity and PY sex were determined from the 'Fowlers Gap' capture database.
Condition
Probability ( This study PY sex All ages P(male) = 0.5 FGCD Table 1 . Relationships between environmental effects and maternal-age effects on the reproductive success and various lifehistory traits of female M. rufus, as incorporated into the FLRS model. PY = pouch young, PEP = permanent pouch emergence, FGCD = 'Fowlers Gap' capture database.
Effect on survival of current reproductive attempt
Effect on sex of current reproductive attempt Outcome of previous reproductive attempt Failed birth P(wean) = 0.57 P(male) = 0.4 Lost previous young P(PY survives) = 0.92 P(male) = 0.5 P(wean) = 0.63 Weaned YAF P(PY survives) = 1 P(male) = 0.3 P(wean) = 0.07 Sex of previous reproductive attempt Weaned male P(wean) = 0.1 Weaned female P(wean) = 0.09 Table 2 . Relationships between the sex and survivorship of the previous reproductive attempt and the sex and survivorship of the current reproductive attempt as incorporated into the FLRS model. All values derived from present study. PY = pouch young, YAF = young-at-foot. 
Program structure
Environmental variable
All estimates of environmental condition were based on estimates of green pasture biomass derived from the previous three months of rainfall (Fig. 3) . This relationship most accurately described pasture conditions on the same study site for the three years preceding this study (Witte 2001) , and takes the form: Green pasture biomass (kg dry matter ha -1 ) = 0.187*Prior 3-months rainfall (mm) -4.395.
Model assumptions
The model was numerically intensive and held information on all individuals in a large data matrix. To simplify the structure of the matrix, all parameters were estimated monthly. This led to the following assumptions. The model was run 100 times for cohorts of 100 females becoming sexually mature (aged 36 months) in January in one of the 13 years from 1967 to 1979. The final year that a cohort could be entered into the model was 1979 so that each female in the original cohort reached her maximum age by 2000. The mean lifetime reproductive output was determined for each cohort and was then averaged across the 13 years.
Return to oestrus after
Effect of environmental conditions on a female's LRS
The effect of variation in environmental conditions on a female's LRS was explored in two ways. Firstly, the effect of the quality of environmental conditions at the time of sexual maturity on a female's LRS was explored by comparing the lifetime reproductive output of cohorts of females becoming sexually mature during good, bad and average years. Years were classified as 'good', 'bad' and 'average' according to total annual rainfall lagged by three months since environmental conditions in January are estimated from the prior three months of rainfall. Good years (1974 and 1976) received rainfall in the highest ten percentile rainfall band, average years (1968 and 1975) in the 40-60 percentile rainfall band and bad years (1970 and 1977) in the lowest ten percentile rainfall band. One-way analysis of variance was used to compare the LRS of females commencing breeding in the different years. A Bonferroni post-hoc analysis (Zar 1996) was used to explore the differences between years in the LRS of the females.
The effect of drought on a female's LRS was also explored by comparing the LRS of a cohort of females experiencing one drought (or set of 'bad' conditions, as classified above) in a lifetime, to those experiencing two. The average lifetime of a female, as predicted by the model was approximately 13 y. As such, the LRS of females becoming sexually mature in 1983 (encompassing one drought) was compared to that of females becoming sexually mature in 1967 (encompassing two droughts). Student's t-tests were used to compare differences in the LRS between the two groups.
Reproductive success and population dynamics
The model was also used to explore how the proportion of females in the population with a dependant YAF changes over time. This was compared to real data from populations of M. rufus on 'Fowlers Gap' from March 1994 to March 1997 (Witte 2001), and from April 1998 to December 2000 (Bilton, unpubl. data).
RESULTS
Survival of young
Of the 127 young known to be born to all mothers over the three year period of this study, the outcome of most (76%) of those reproductive attempts was known (Fig. 4) . The residual was attributed to the inability to track certain individuals through the failure of radio-collars, mothers leaving the study site or death of the female. Of the 102 young whose outcome was known (i.e. weaned or lost prior to weaning), only 33% were eventually weaned and the majority died before 12 months of age.
LRS: real compared to modelled
Within a reproductive life span of 8.57 y, female M. rufus on 'Fowlers Gap' were expected to wean a mean of 3.7 young, from a range of 0 -11.4 (Table  3) . If breeding at their maximum reproductive capacity, with no missed oestrus, failed conceptions or PY lost, they could potentially wean 2.5 times this number of young. As such, these females were only realising 41% of their maximum reproductive potential.
By incorporating relationships between the sex and survivorship of young, environmental conditions, maternal age and reproductive success, the FLRS model was expected to produce a more realistic estimate of the expected LRS of these animals. Even so, the model predicted virtually the same number of young to be weaned (3.67) in a lifetime as that calculated from the weaning rates of our sample. It also predicted that females wean more males than females in a lifetime (Table 3 ). The lifetime number of offspring weaned per female ranged from 0 to 20; this maximum was almost double that found for our sample. From their weaned daughters, the model further predicted that, on average, females only produced around one grandoffspring. Some females were completely unsuccessful, leaving no grandoffspring at all, while some had considerable reproductive success, with one female leaving 43 grandoffspring.
The mean distribution of weaned offspring amongst the cohorts of females (Fig. 5 ) indicated considerable variation in LRS. About 20% of the females weaned three or four offspring in a lifetime (the mean number found for our population and predicted by the model). Fifty percent of the females weaned fewer offspring than expected, while 30% weaned more than expected. Almost one quarter of females left no offspring at all while a very small proportion was extremely successful; the most successful leaving 20 weaned offspring.
Variation in FLRS: effect of environmental conditions Effect of environmental conditions at time of sexual maturity on LRS
The lifetime reproductive output of cohorts of females commencing breeding during good, bad and average years were significantly different in both the number of lifetime offspring and grand-offspring weaned in the six different years (F 5,94 = 57.45, P << 0.001 and F 5,94 = 5.37, P << 0.001, respectively) (Fig.  6 ). There was no evidence, however, to support the assertion that those females who started breeding when environmental conditions were relatively better would enjoy greater LRS. Post-hoc analysis of offspring weaned, revealed significant differences between the cohorts of females that commenced breeding under similar environmental conditions. Furthermore, the 1970 cohort of females, who became sexually mature in bad conditions, successfully weaned more offspring than did either the 1975 or the 1976 cohorts, who started breeding in average and good conditions, respectively. Similarly, the 1968 cohort, who became mature in average conditions, weaned significantly more young than the 1976 cohort who started breeding when environmental conditions were relatively good. There was also no difference in the number of lifetime offspring weaned between cohorts of females that commenced breeding under different environmental conditions (1977 cf. 1975, 1968 cf. 1974 and 1976 cf. 1975) .
In contrast to this, the number of grandoffspring produced by cohorts of females maturing under similar environmental conditions was not different (Fig. 6 ). There was also less variation in the number of grandoffspring produced from cohorts of females commencing breeding under different environmental conditions. However, despite the poor initial environmental conditions of the 1970 and 1977 cohorts, these females actually produced significantly more grandoffspring than either the 1975 or 1976 cohorts which started breeding in average and good conditions, respectively. 
Effect of drought on LRS
Those females experiencing only one drought in their lifetime lived four months longer, and weaned 1.2 more offspring and 1.1 more grandoffspring (from their weaned daughters) than those females experiencing two droughts in their lifetime (Table 4) . Both cohorts weaned relatively more male than female offspring, however, the male bias of weaned young was significantly greater for those females experiencing two droughts. These females weaned 30% fewer daughters compared to only 10% fewer sons than those females experiencing only one drought.
Population-level reproductive success
The simulated population of females with YAF follows the trajectory of the real population, though with exaggerated peaks and troughs (Fig. 7) . The proportion of females with YAF ranges from 0 -53% and 2 -48% for the simulated and real populations, respectively. Almost no females in the simulated population had a YAF from June 1991 to September 1992, which corresponds with the relatively poor pasture conditions from 1991 to mid 1992 (Fig. 3) . Similarly, the model predicted that for a period of approximately six months in 1995, no females in the population had a YAF. The proportion of females with YAF in the real population also reached its lowest at this time but did not reach zero (around 5% of females still had a YAF). Peaks in the proportion of females with YAF in early 1994, mid 1996 and the end of 2000 in both the simulated and real populations corresponded with the relatively good pasture conditions preceding and during these times (Fig. 3) . The model, however, predicted changes in the proportion of females with YAF about three months in advance of what occurred in the wild. Thus cumulative rainfall at a longer interval than the three months used in the model may be a better predictor of offspring survivorship. (1974 and 1976), bad (1970 and 1977) and average (1968 and 1975) environmental conditions. Solid bars = weaned offspring; clear bars = weaned grandoffspring. For each year n = 100 cohorts of 100 females. 
DISCUSSION
Survival of young and female LRS
Despite good rainfall in the years preceding and throughout the present study, only 33% of the young born to our sample of radio-collared females on 'Fowlers Gap' survived to weaning. Numerous studies (Frith and Sharman 1964; Newsome 1965 Newsome , 1966 Newsome , 1971 Newsome et al. 1967; Bayliss 1985; Shepherd 1987) have shown how the survival of young M. rufus and recruitment of juveniles to the adult population is dependant on rainfall through its affect on pasture conditions. Frith and found that survival of M. rufus young to weaning varied across their sites from as low as 20% in the more drought affected areas to as high as 85% at the site which had received above average rainfall and as such had much better pasture conditions. Bayliss (1985) modelled the dynamics of a M. rufus population in relation to rainfall in a similar landscape to that at 'Fowlers Gap'. Population growth as a result of recruitment from births only occurred under conditions where total annual rainfall was above average (235 mm recorded at Menindee). Thus, survival to weaning was probably close to maximal in our study.
The average number of young weaned in a lifetime by females on 'Fowlers Gap' was estimated in our sample as 3.7. However, there were several assumptions inherent in the calculation of this value. Firstly, that environmental conditions experienced during the course of this study were assumed to prevail throughout the lifetime of the individuals. With all years over the study period receiving near or above average rainfall, environmental conditions were relatively good. In reality, given the highly variable nature of the arid zone environment, female M. rufus are expected to experience periods of food limitation, associated with periods of low rainfall, which will adversely affect their reproductive success through a decrease in both maternal condition and survivorship of young.
Both Frith and Sharman (1964) and Newsome (1965) showed that the majority of mortality within populations of M. rufus occurs at the later stages of pouch life and amongst the YAF, and that this is exacerbated by poor environmental conditions. Nutritional demands on the mother by young, in terms of the energy content (Muths 1996) and volume (Merchant 1989 ) of milk produced are greatest towards the end of pouch life. When pasture conditions are poor, as generally occurs during drought, the body condition of the mother declines (Moss and Croft 1999) which affects her ability to adequately nourish her young. The lack of good quality pasture, crucial for growth requirements, also results in the heightened mortality of YAF during these times. As such a female's reproductive success is expected to vary according to the frequency and duration of food stress occasioned by drought.
The second assumption was that all females had the same reproductive lifespan. However, it is known that drought, through its adverse effect on maternal condition, may delay the onset of sexual maturity which may ultimately shorten a female's reproductive lifespan. Frith and Sharman (1964) found that as aridity increased and food abundance decreased the age at which females became sexually mature increased. Similarly, Newsome (1965) found that during periods of drought sexual maturity was delayed by up to six months.
The final assumption was that maternal age had no effect on a female's LRS. Changes in various aspects of reproductive behaviour with maternal age, such as offspring sex ratios and maternal investment have been demonstrated for female M. r. erubescens (Ashworth 1995), M. giganteus and red-necked wallabies (Macropus rufogriseus) (Stuart-Dick and Higginbottom 1989) and so can not be dismissed for M. rufus. In light of all of these assumptions it was considered that this value of LRS would be an overestimate.
However, when these variables were factored into calculations of female LRS using the FLRS model, the model predicted the same number of young (3.7) to be weaned in a lifetime. Given that environmental conditions over the period of the study were near to, or above average, it seems reasonable that the lifetime reproductive output of females calculated over this period was the same as the longterm average predicted by the model. This being the case, it appears that the effect of maternal age and the sex and survivorship of successive young on a female's lifetime reproductive output is minimal.
Newsome (1965) also quantified survival of juvenile M. rufus. He found that under good environmental conditions in Central Australia, healthy females could rear a maximum of three young every 2.5 years. This translates into a weaning rate of 1.2 young per year and, multiplied over a reproductive lifespan of 8.57 y (as in the current study), gives a lifetime reproductive output of 12.9 weaned young in a lifetime. This value is very close to the maximum value of LRS calculated for females in both the actual (11.4) and modelled populations (12.0) on 'Fowlers Gap'. These results suggest that females require a lifetime of good environmental conditions to breed at their maximum reproductive capacity to achieve their maximum reproductive potential. This is clearly unrealistic given the stochastic nature of the arid zone environment. Thus, it is likely that the adverse effect of poor environmental conditions on the survival of young is largely responsible for female M. rufus on 'Fowlers Gap' weaning only 41% of their reproductive potential.
Knowledge of offspring sex ratios within a population is also important for a comprehensive understanding of population composition and dynamics. The model predicts that, on average, females will wean more sons than daughters in a lifetime. Analysis of the PY sex ratios from birth to the end of pouch life of females in the 'Fowlers Gap' capture database similarly revealed male biases. However, the adult sex ratio on 'Fowlers Gap' is heavily female biased (Edwards et al. 1994; Moss 1995) . Female biases in the adult sex ratio have similarly been reported by Johnson and Bayliss (1981) and Newsome (1977) for M. rufus populations in Kinchega National Park (also in far western NSW) and in Central Australia, respectively. The discrepancy in sex ratios between the young and more mature animals can be explained by the higher mortality of male young relative to female young from the period of independence from the mother into adulthood (Newsome 1977) . A greater proportion of males in heteromorphic mammals, like M. rufus, probably die during periods of food limitation due to their greater absolute nutritional and energetic demands required for growth and maintenance of larger body size (McLeod 1996) and to compete with other males for mates (CluttonBrock et al. 1985) . Thus, the weaned sex ratio may be biased towards males in order to compensate for their greater mortality later in life.
Variation in female LRS and the effect of environmental conditions
Both the relatively large ranges in number of weaned offspring and grandoffspring (from daughters only) predicted by the model, and the skewed distribution of weaned offspring among females indicate considerable variation in the reproductive success among females. Since the condition of the environment affects the survival of young M. rufus to weaning, the model was used to explore how the timing and sequence of rainfall and the amount of green pasture biomass affect a female's LRS.
Condition of the environment at sexual maturity and a female's LRS
Poor environmental conditions (low rainfall and sparse green pasture) may delay the onset of sexual maturity (as discussed earlier) which has the potential to affect a female's lifetime reproductive output by decreasing her reproductive lifespan. Thus, cohorts of females commencing breeding under relatively good environmental conditions (high rainfall and abundant green pasture) should wean more offspring than cohorts of females commencing breeding under relatively poor environmental conditions. However, results showed significant variation in the lifetime reproductive output between cohorts of females commencing breeding under similar environmental conditions and a lack of consistent variation in lifetime reproductive output between cohorts of females commencing breeding under different conditions. These results do not allow definitive conclusions to be drawn about how the condition of the environment at sexual maturity affects a female's lifetime reproductive output. There was no evidence to support the assertion that better environmental conditions at the time of sexual maturity confer greater lifetime reproductive output for a female. Rather, LRS is more likely related to environmental effects over a much longer time frame than simply the conditions at the start of a female's reproductive lifespan.
Effect of drought on a female's LRS
Modelling results showed that the incidence of drought did have a significant impact on the LRS of females. Those females experiencing two droughts in a lifetime, on average, did not live as long, and weaned less offspring and their daughters weaned fewer grandoffspring than those females experiencing only one drought in a lifetime. This is not surprising given that drought is known to not only increase the age at which females reach sexual maturity, but if severe enough, can cause females to cease breeding altogether (Frith and Sharman 1964; Newsome 1965 Newsome , 1971 . It is most likely that poor maternal nutrition at these times is the cause of these effects and it is through its adverse effect on the breeding condition of females and survival of young that periods of drought affect the ultimate LRS of a female.
Drought also appeared to have a significant effect on the sex ratio of offspring weaned. While both cohorts weaned more sons than daughters, those females experiencing two droughts weaned relatively fewer daughters than those experiencing only one drought. There are several possible explanations for this. The first concerns facultative adjustment of the offspring sex ratio. Local resource competition theory suggests that a mother should produce fewer offspring of the sex with which she is most likely to compete for resources (Clark 1978) . During drought, food becomes scarce so the potential for local resource competition may be maximised. Because young male M. rufus are known to disperse from their natal area (Johnson 1989) , the potential for competition with their mothers for resources is likely to be limited if at all. However, young female M. rufus are generally less mobile than young males (Edwards et al. 1994 ), but the degree to which they share their mother's home range and resources is unknown. Female M. r. erubescens, which share a similar arid habitat and life-history strategy to M. rufus, are philopatric (Ashworth 1995), as are female M. giganteus (Stuart-Dick 1987) and M. rufogriseus (Higginbottom 1991) . Thus, M. rufus are also likely to be philopatric to some degree. This being the case, it is possible that mothers may reduce the number of female offspring produced during times of drought to minimise the potential for competition with their offspring for resources.
The next explanation involves potential inequalities in the reproductive success of males and females. Because males take no part in parental care, the number of offspring a male can produce is limited only by the number of females with which he can mate. In contrast, the number of offspring produced by a female is limited by the time and energy required to raise her young. Therefore, a successful son can potentially leave many more offspring than a successful daughter ever can, so a female will leave many more grandoffspring if she has a successful son rather than a successful daughter (Trivers 1972) . If the young is successfully reared to the breaking of the drought, there will be less competition for food and mates (increased mortality of all age classes also accompanies droughts, Robertson 1986) and so would have a greater chance of surviving to breed. If this offspring were to be a male it would confer greater LRS for the mother.
While facultative adjustment of the offspring sex has been used widely to explain variation in offspring sex ratio in relation to environmental conditions (e.g., M. r. erubescens, Ashworth 1995, M. giganteus and M. rufogriseus, Stuart-Dick and Higginbottom 1989) , and various life-history parameters such as maternal age (e.g., M. giganteus, Stuart-Dick and Higginbottom 1989), condition (e.g., opossum, Didelphis virginiana, Austad and Enquist 1986) and dominance (red deer, Cervus elaphus, Clutton-Brock et al. 1981) , any evidence concerning the physiological mechanisms underlying such a phenomenon is lacking.
Population level reproductive success
The effect of the environment on reproductive success at the population level was also evident. Peaks in the proportion of females with dependant YAF were correlated to periods of relatively high green grass biomass. In a study on body condition in M. rufus, Moss and Croft (1999) similarly found a decrease in the number of females with YAF in relation to low rainfall periods; which were associated with low levels of food biomass and quality.
There was good agreement between the modelling predictions and the real population trends. There was never a point in the real population counts where no females in the population had a YAF; the lowest recorded was 5%. It is possible that environmental conditions over the periods studied were not severe enough to force all the females into anoestrus. However, Frith and Sharman (1964) and Newsome (1965) found that even during the harshest conditions, there was always a small proportion of the female population breeding. The role of these females in the recovery of the kangaroo populations following drought is considered significant (Newsome 1965) .
Agreement between the actual and modelled calculations of LRS for female M. rufus on 'Fowlers Gap' suggests the model successfully accounts for factors such as maternal age, environmental conditions and the sex and survivorship of previous young in predicting female LRS. However, there are other factors that potentially influence a female's LRS. For example, the density of conspecifics and other mammalian herbivores in the habitat and differences in reproductive success among females in relation to maternal care are two other factors that could be included in the model but were beyond the scope of the present study.
Survival of young, female LRS and population dynamics
Quantifying recruitment of juvenile animals into the adult population is vital for a comprehensive understanding of population dynamics. Considering the reproductive output of females on 'Fowlers Gap', if females wean 3.7 young in a lifetime and all these survive to breed, this is greater than replacement and would result in substantial and continuing population growth. The density of M. rufus on 'Fowlers Gap' (averaging around 20 animals km -2 ) is about double that for the Broken Hill management block in the last 15 y (NPWS aerial counts) but it is also relatively stable from year to year (Croft, unpubl. data) . Popular belief amongst landholders and graziers is that if kangaroo populations are not controlled (by culling) they will breed 'out of control', to the detriment of the environment and the livestock. The results of this study suggest that this is clearly not the case; at least in a multi-species grazing system such as occurs at 'Fowlers Gap'. There appear to be mechanisms within the system, acting primarily on juvenile survival which control and limit the growth of the kangaroo population. This is supported by Bayliss ' (1985) study which compared the dynamics of M. rufus populations within a large protected area (Kinchega National Park) and an adjoining sheep station where the kangaroos were subject to harvesting. He found no difference in the population dynamics of the kangaroos on the Park and on the sheep station despite densities being 2.5 times higher on the Park. Harvesting was not considered to occur at high enough rates to account for the difference in densities. Rather, he suggested that competition for food by sheep suppressed kangaroo densities outside the park. Both interference and exploitative forms of competition between and within species for resources are possible mechanisms controlling population dynamics.
Dietary overlap between kangaroos and sheep does exist (Dawson and Ellis 1994) . McLeod (1996) and Edwards et al. (1996) both highlight the potential for exploitative competition to exist between kangaroos and domestic livestock, but suggest that it only occurs at times when pasture conditions are exceptionally poor and food becomes limiting. Given that juvenile survival is lowest at these times, it is quite likely that both interspecific and intraspecific competition for food play substantial roles in the regulation of M. rufus populations on 'Fowlers Gap'.
Predation is another potential mechanism. Dingos (Canis lupus dingo) are the main natural predator of M. rufus and have been reported to limit and potentially regulate kangaroo populations outside the dingo fence (Pople et al. 2000) . C. l. dingo, however, have long been excluded from 'Fowlers Gap' and the sheep rangelands of NSW by the dingo fence. Wedge-tailed eagles (Aquila audax) and foxes (Vulpes vulpes) are the only predators of M. rufus on 'Fowlers Gap'. Both were seen to attack YAF during the study but are generally considered too low in numbers to explain the low survival of young. Banks et al. (2000) found that predation by V. vulpes did have a significant effect on the survival and subsequent recruitment of young M. giganteus to the adult population. While it is unlikely that the role of predation in regulation of kangaroo populations in the arid zone is as great as it is in more temperate regions, as suggested by Banks et al. (2000) , the extent to which it does contribute is largely unknown.
Conclusions
Agreement between the actual LRS of female M. rufus on 'Fowlers Gap' and that predicted by the FLRS model validates it as an effective predictive tool. The FLRS model has shown us that the reproductive success of female M. rufus on 'Fowlers Gap' is subject to constraints imposed largely by environmental conditions (namely periods of drought). However, the relatively low survival of young and the fact that females only wean 41% of their maximum lifetime reproductive potential suggest there are mechanisms within the system acting primarily on juvenile survival which limit population growth in unharvested populations. Possible mechanisms include predation, interspecific competition and intraspecific competition.
